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Abstract 
The present paper aimed to review the anaerobic co-digestion of food waste with 
sewage sludge by presenting the fundamental concept of anaerobic digestion, 
including the types of bacteria involved in anaerobic digestion at first. The ultimate 
methane yield observed from different laboratory setup also included. The electricity 
generation from the full-scale co-digestion plant was also presented and it showed 
the plant product electricity efficiently. The discussion on substrate characteristics, 
inert impurities, additional process and biosolid management were included to give an 
understanding on the challenges and opportunities to conduct the co-digestion study 
or to run the full-scale co-digestion plant. 
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1.  Anaerobic digestion  
Anaerobic digestion, classified within the biochemical conversion processes, is a robust process and 
is widely applied. Some drawbacks of other available technologies make anaerobic digestion even 
more attractive. Incineration of biomass and waste is still not fully accepted by the public opinion and 
the formation of gaseous pollutants such as dioxins necessitates the use of an extended gas 
purification system. Alternative technologies like pyrolysis and gasification are still in demonstration 
phase and only a limited number of full scale installations has been built.  
 
Anaerobic digestion (AD) is a process by which microorganisms break down biodegradable material 
(in four stages) in the absence of oxygen and producing biogas. All biodegradable materials are 
suitable for feeding into anaerobic digester. Common feedstock includes agricultural wastes, crop 
residues, animal wastes, solid waste and sewage. The biodegradable materials were categorized as  
complex organics, consisted of proteins, carbohydrates, and lipid (Figure 1). The chemical reactions 
and the bacteria involved in all the four stages were given in Table 1. 
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The valorization of the produced biogas (consisting of 65% CH4, 35% CO2 and trace gases such as 
H2S, H2 and N2) is energy efficient and environmentally friendly because of the low emission of 
hazardous pollutants. In most cases, biogas is valorized energetically in a CHP (combined heat and 
power) installation for the simultaneous generation of heat and electricity. The produced slurry 
(digestate) is nitrogen rich and can in most cases (depending on the nature of the biomass) be utilized 
in agriculture as a nutrient fertilizer and/or organic amendment  [1] .  
 
Anaerobic digestion is not only feasible in large-scale industrial installations, but can also be applied 
on a small scale. This observation specifically provides opportunities for anaerobic digestion in 
developing countries and rural areas, where energy supply is limited or even not available at all. For 
example, China government has systematically popularized household-scale biogas digesters in rural 
China in year 1970s [2]. 
 
Anaerobic digestion is a complex multi-stage process, which is sensitive to a wide range of factors. 
Process failures may result from technical as well as biochemical issues. Commonly reported 
technical problems include insufficient mixing in bioreactors, caused by inappropriate particle size or 
high viscosity of the substrate). Impurities in the substrate, such as glass, plastics, and metals found 
in organic waste, account for mechanical problems as well as inhibition of the microbial digestion 
Additionally, temperature changes as well as retention time in bioreactor influence process efficiency 
[3]. 
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Figure 1: Anaerobic digestion of complex organic.  
Modified from [4]–[6]  
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Table 1: Chemical reaction and bacteria involved in the anaerobic digestion [7] 
Stage Type of  
Conversion 
 
Bacteria  
involved 
Stage-1 
Hydrolysis 
(C6H10O5)n + nH2O = n (C6H12O6)  
Proteins to soluble 
peptides and amino 
acids 
Clostridium. Proteus 
vulgaris, Vibrio, Basillus, 
Peptococcus, 
Bacteriodes 
Carbohydrates to 
soluble sugars 
Clostridium, Acetovibrio 
celluliticus, 
Staphylococcus. 
Bacteriodes,  
Lipids to fatty acids 
or alcohols 
Clostridium, 
Micrococcus, 
Staphylococcus 
Stage II 
Acidogenesis 
C6H10O6 + 2H2O  2CH3COOH + 4H2 + CO2 
C6H10O6 + 2H2  2CH3CH2COOH + 2H2O  
C6H10O6  2CH3CH2CH2COOH + 2H2 + 2CO2 
C6H10O6  2CH3CH2OH + 2CO2 
C6H10O6  2CH3CHOHCOOH 
Amino acids to fatty 
acids, acetate and 
NH3 
Lactobacillus, 
Escherichia, Bacillus, 
Staphylococcus, 
Pseudomonas, Sarcina, 
desufovibrio, 
Selenomonas, 
Streptococcus, 
Veollonea, 
Desulfobacter, 
Desulforomonas 
Sugars to 
intermediary 
fermentation 
products 
Clostridium, 
Eubacterium limosum, 
Streptococcus 
Stage III 
CH3CH2OH + 2H2O  CH3COOH + 2H2 
2CH3CH2OH + 2CO2  CH4 + 2CH3COOH 
CH3CH2COOH + 2H2O  CH3COOH + 3H2 + 2CO2 
CH3CH2CH2COOH + 2H2O   CH3COOH + 2H2 
CH3CHOHCOOH + H2O   CH3COOH + 2CO2  + 2H2 
 
Higher fatty acids or 
alcohols to hydrogen 
and acetate 
Clostridium, 
Syntrophomonas wolfeii 
Volatile fatty acids 
and alcohols to 
acetate or hydrogen 
Syntrophomonas wolfei, 
Syntrophomonas wolinii 
Stage IV Acetate to methane Methanoseata, 
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Methanogenesis 
CH3COOH  CH4 + 2CO2 
CO2 + 4H2  CH4 + 2H2O 
 
and carbon dioxide Methanosarcina 
Hydrogen and 
carbon dioxide to 
methane  
Methanobacterium 
formicicum, 
Methanobrevibacterium, 
Methanoplanus, 
Methanospirilum 
 
2.  Methane Yield from Digestion of Food Waste and Sewage Sludge   
Anaerobic digestion can be used to treat various organic wastes including food waste and sewage 
sludge[8], [9].This technology is a green technology in disposing sewage sludge and food waste due 
to methane which could be used for generating electricity. 
 
Food waste has already been considered as a very attractive feedstock for anaerobic digestion due to 
its high methane potential [8]. Sewage sludge also favourable for anaerobic digestion due to the large 
portion of easily biodegradable organic in sewage sludge, resulted in the higher methane yield [10]. 
Anaerobic digestion of food waste and sludge (before centrifuge) were  625.4 ± 14.5 mL CH4/g VS 
and 507.5 ± 5.0 mL CH4/g VS methane respectively [9]. This result shows the higher potential of 
methane production from food waste compared to sludge. In addition, the digestion of food waste 
resulted the higher methane yield, as compared to what was observed from the  digestion of black 
water (fecal waste without urine) [11]. 
 
3.   Anaerobic Co-Digestion of Food Waste With Sewage Sludge: Laboratory Works 
The promising method to improve the methane yields of anaerobic digestion of food waste is co-
digestion, in which the co-substrate is introduced. When the anaerobic digesters operated by feeding 
them with two or more types of organic waste, the process is called as  a co-digestion [9] Co-
substrate addition can result in synergistic effects, which result in either a boost in specific methane 
yield of the individual substrate in the mixture or an increase in biogas production kinetics, differing 
from the additive effect where an increase in methane production is simply due to a higher mass of 
available biodegradable organic matter per unit volume from co-substrate addition[12]. Co-digestion 
can improve the decomposition process and the increasing methane production because a more 
balanced C: N ratio and sufficient macro and micro- nutrients [13] a high buffering capacity [14], and a 
higher readily biodegradable organic fraction [15]. Sometimes the use of co-digestion also enhance 
the required moisture contents of the digester feed[16]. Anaerobic co-digestion of food waste and 
sewage sludge provides a range of economic and environmental benefits as shown in Figure 2. The 
resource recovery and diversion waste from landfill were key drivers of co-digestion. 
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Figure 2: Benefits of co-digestion [17] 
 
According to Prabhu et al, [9], sewage sludge has is rich in nitrogen and trace elements, but low in 
biodegradable organic matter. Meanwhile, food waste is very rich in volatile solids, which can be 
easily converted to methane using an anaerobic process. This two types of organic waste could be 
feed together in the anaerobic digester to achieve greater anaerobic process efficiency. Table 2 
showed the result for the anaerobic co-digestion of sewage sludge and food waste. The substrates 
were a combination of various types of sludge taken from local waste water treatment plant in each 
country with the food waste was taken from canteen and cafeteria waste, kitchen waste and 
expired food. The experiment was conducted in batch experiment and in mesophilic condition. The 
ultimate methane yield from each experiment was fluctuated between them. This is possibly due to 
the different experimental setup and substrate characteristics.  
 
Table 2: Methane yield from batch anaerobic co-digestion of food waste with sewage sludge 
Substrate Ultimate methane yield Reference 
Food waste with primary sludge 
 
799 mL CH4/g VS [18]  
Food waste with sewage sludge 
 
492 mL CH4 /g VS [9] 
Food waste with  mixed sludge  393 mL CH4/g VS [19]  
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4.      Anaerobic Co-Digestion of Food Waste and Sewage Sludge:  Full Scale Digester 
There are several anaerobic co-digestion of food waste with sewage sludge plant throughout the 
world. However, most of them situated in Europe; where municipal solid waste (MSW) and energy 
management policies are most supportive. One of the co-digestion plant was Rovereto Plant located 
in Italy. Figure 3 showed the food waste processing at the Rovereto Plant. Most of the food waste in 
the plastic bags in unloaded into a large stainless steel tray equipped with live bottom feeder screw 
conveyor. The stainless steel tray allows for visual inspection of food waste materials before they are 
fed into a hammer mill via an inclined screw conveyor. In the hammer mill, food waste us ground into 
small particles of less than 10 mm and water (approximately 1m
3
/tonne of food waste) is added to 
form a slurry with a TS content of 12 %. The food waste slurry, after passing an hydroyclone for fine 
inert removal, is kept in two cylindrical tanks working in parallel ( HRT < 12 h) prior to co-digestion 
with wastewater sludge in two digesters under mesophilic condition [17]. Table 3 showed the co-
digestion plants around the world.  
 
 
Figure 3: Food waste processing at the Rovereto Plant [17]  
 
Table 3: Full-scale co-digestion plant [17] 
Plant Main Substrate 
(loading rate) 
 
Co-substrate 
(loading rate) 
Temperature 
(
o
C) 
Electricity 
generation 
( kW) 
Rovereto  
(Italy) 
PS and WAS 
(90 tonne/day) 
Food waste  
(10 tonne/day) 
35 400 
Treviso- 
(Italy) 
WAS 
(100 tonne/day) 
Food waste 
(up to 20 tonne/day) 
35 125 
East Bay MUD 
(USA) 
PS and WAS 
  (2650 tonne/day) 
Food waste and FOG 
(40-120 tonne/day) 
35 11,000 
PS    = Primary sludge, WAS = Waste Activated Sludge, FOG = Fat, oil and grease 
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5.   Challenges and Opportunities  
 
5.1  Feedstock 
In most part of the world, the supply of sewage sludge and food waste were not an issue. This is due 
to continuously generation as long as the wastewater being treated in the wastewater treatment plant 
and the people eat every day. In Malaysia, it was projected that the wastewater generation and food 
waste generation in 2020 were between 8 to 8.5 million 
3
/day and 1000 tonnes/day respectively [20]. 
However, the collection of food waste also influence its digestibility, co-digestion operation and 
equipment utilisation.  The food waste has been stored for a week can lost its digestible material and 
the leachate already in the collection bin. Other than that, variation and irregularity in the supply of 
food waste can result inefficient operation, particularly for a small plant. The co-digesting of food 
waste with wastewater sludge is generally more complex, the utilisation of liquid substrates such as 
FOG and dairy waste is not problem-free. FOG can solidify at low temperature (e.g., 10 °C or less), 
rendering it unpumpable  [17].  
Co-digestion of food waste with sewage sludge can be limited due to the high variability of food waste. 
A stable digestion performance depends on the composition of food waste added to sewage sludge, 
which if changed can cause instability in the anaerobic population and consequently in the digestion 
process. This is because microorganisms are acclimatised in a specific mixture and changes in this 
mixture may result in changes in the process reactions. In addition, CH4 yields may also vary due to 
seasonal variations in food waste [21]. 
 
5.2 Inert impurities  
Food waste contains up to 20% of inert materials. Some of these inert materials, such as seashells 
and bones, are legitimate food waste, although they are not digestible. Other materials, such as glass, 
porcelain, plastic, and cutlery, are inherently associated with food waste. It is possible to regularly 
remove these fine inert materials by sedimentation (for high density materials such as seashells, 
glass, and metals) or floatation (for low density materials such as plastics). However, this practice 
attributes to significant losses of biodegradable materials and the disposal of reject materials as slurry 
is even more expensive. As an example, at the Rovereto plant, the cost of reject material disposal in 
solid form is higher than the gate fee on tonnage basis. In other words, revenue from gate fee can be 
significantly offset by the cost of disposing inert materials. Some inert materials particularly seashells 
and bone fragments arvery abrasive. They can exert excessive wear and tear to pumps and other 
equipment at a much faster rate than the standard design allowance. Slurry pump replacement in the 
first two years of operation was reported at the Camposampiero plant (co-digestion plant) [17]. Plastic 
contamination in the form of phthalates can change the quality of the digestate and make it 
unacceptable for application to agricultural land. Meanwhile, metals are toxic for the bacterial biomass  
whereas, lignocellulosic material such aswood and paper are digested slowly and are troublesome 
[21]. 
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5.3 Additional processes 
Co-digestion may also entail requirements for auxiliary facilities for waste processing and storage, 
inert solids removal, off-gas treatment, sludge centrate treatment, biosolids drying, and enhanced 
biogas purification. The extent of most of these requirements depends on the types of co-substrate, 
local requirements, and current facilities at the plant. Some of the above mentioned auxiliary facilities 
are prominent features in all co-digestion plants. Provision for the removal of settling (and sometime 
floating) solids is a notable example. Given the content of inert materials of about 20% in food waste, 
their accumulation via sedimentation in the digester can be problematic. Thus, all European co-
digestion plants treating raw (not pre-treated) food waste  have a mechanism to remove inert 
materials from the storage tank on a regular basis (usually fortnightly) thus preventing them from 
entering the anaerobic digester [17]. 
 
5.4  Biosolids management  
Co-digestion may enhance volatile solids destruction and result in less biosolids produc- tion than 
mono-digestion with only wastewater sludge, especially for liquid solid waste.  Although the 
contribution of co- substrates to biosolids production is dependent on its properties and digestibility 
and is usually rather small, the implication of co-digestion on biosolids management might be still 
significant. Indeed, biosolids management is another challenge to practical implementation of co- 
digestion. Composting is another option for biosolids disposal although it can also be considered as 
part of land application. It is noteworthy that the criteria for biosolids management vary widely around 
the world. For example in Europe, incineration is for biosolid management. Meanwhile in Australia, 
land application is the predominant biosolid management [17]. 
 
6.     Conclusions  
In recent years, the need for renewable energy generation and the need to divert biodegradable 
waste from landfill have pushed anaerobic digestion into the market for the treatment of 
biodegradable waste. However, due to the limitation of digestibility of a sole substrate, the co-
digestion was introduced. The co-digestion of food waste and sewage sludge has been extensively 
applied over the last years (either in laboratory or full scale digester), with the benefits of improved 
methane (CH4) generation subsequently improved the electricity generation. However, the substrate 
characteristics which is not possible to be controlled is one of the biggest challenge in running the co-
digestion reactor/plant. 
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